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Signal transducers and activators of transcription (STATs) are transcription factors that mediate normal
biologic responses to cytokines and growth factors. However, abnormal activation of certain STAT family
members, including Stat3, is increasingly associated with oncogenesis. In fibroblasts expressing the Src onco-
protein, activation of Stat3 induces specific gene expression and is required for cell transformation. Although
the Src tyrosine kinase induces constitutive Stat3 phosphorylation on tyrosine, activation of Stat3-mediated
gene regulation requires both tyrosine and serine phosphorylation of Stat3. We investigated the signaling
pathways underlying the constitutive Stat3 activation in Src oncogenesis. Expression of Ras or Rac1 dominant
negative protein blocks Stat3-mediated gene regulation induced by Src in a manner consistent with dependence
on p38 and c-Jun N-terminal kinase (JNK). Both of these serine/threonine kinases and Stat3 serine phosphor-
ylation are constitutively induced in Src-transformed fibroblasts. Furthermore, inhibition of p38 and JNK activ-
ities suppresses constitutive Stat3 serine phosphorylation and Stat3-mediated gene regulation. In vitro kinase
assays with purified full-length Stat3 as the substrate show that both JNK and p38 can phosphorylate Stat3
on serine. Moreover, inhibition of p38 activity and thus of Stat3 serine phosphorylation results in suppression
of transformation by v-Src but not v-Ras, consistent with a requirement for Stat3 serine phosphorylation in Src
transformation. Our results demonstrate that Ras- and Rac1-mediated p38 and JNK signals are required for
Stat3 transcriptional activity induced by the Src oncoprotein. These findings delineate a network of tyrosine
and serine/threonine kinase signaling pathways that converge on Stat3 in the context of oncogenesis.

Signal transducers and activators of transcription (STATs)
were originally discovered as latent cytoplasmic transcription
factors that mediate cellular responses to diverse cytokines and
growth factors (for reviews, see references 17, 18, and 55).
STATs are activated by tyrosine phosphorylation, dimerize,
and subsequently translocate to the nucleus, where they regu-
late the transcription of genes by binding to specific DNA
response elements. Studies have implicated normal STAT sig-
naling in controlling fundamental biological processes, in-
cluding cell differentiation, proliferation, apoptosis, and devel-
opment (7, 15, 26, 33, 60, 78). Multiple signaling pathways are
simultaneously induced in response to cytokine or growth fac-
tor stimulation, consistent with complex regulation by signal
cross talk. For example, maximum transcriptional activity of
certain STATs requires serine phosphorylation mediated by
serine/threonine kinases of other signaling pathways (3, 19, 51,
68). The kinases that mediate STAT serine phosphorylation
are not fully defined, although evidence implicates multiple
serine kinase signals, including mitogen-activated protein ki-
nases (MAPKs)/extracellular signal-regulated kinases (ERKs)

(19), an H7-sensitive serine kinase (5), and a MAPK kinase
(MKK)-dependent, ERK-independent serine kinase (11).

MAPKs represent a family of serine/threonine protein ki-
nases comprising ERK1/ERK2 (ERKs), p38/HOG1 (p38), and
c-Jun N-terminal kinase (JNK)/stress-activated protein kinase
(SAPK) (reviewed in references 24, 43, and 59). Ras and Ras-
like small G proteins are key regulators in the signaling path-
ways leading to MAPK activation. For the Ras-ERK branch,
sequential protein phosphorylations are mediated by the
serine/threonine kinase Raf-1 and the dual-specificity MKKs,
which in turn phosphorylate and activate ERKs (24, 48, 49, 72).
For the JNK and p38 pathways, the Rac1/Cdc42 subfamily of
small G proteins is a key mediator, together with Ras (for
reviews, see references 24, 43, and 59). Several serine/threo-
nine protein kinases that are members of the mixed-lineage
kinases (MLK), such as dual leucine-zipper bearing kinase
(DLK), have been identified as upstream activators of MKKs
(23, 24, 38). Activation of JNK is largely induced by MKK4 and
MKK7, while MKK3 and MKK6 preferentially activate p38
(22, 24, 62, 75). Activated MAPKs ultimately phosphorylate
transcription factors in the nucleus that are responsible for the
regulation of immediate-early genes, such as c-fos, whose func-
tional roles include control of cell proliferation (35, 37, 71).

Emerging evidence strongly implicates abnormal activation
of STAT signaling in oncogenic transformation. Our labora-
tory and others have previously reported constitutively active
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STATs, particularly Stat3 and Stat5, in cells transformed by
v-Src, v-Abl, and various other oncoproteins and tumor viruses
(4, 9, 13, 16, 29, 45, 46, 76; see reference 28 for a review).
Moreover, constitutive activation of Stat3 proteins occurs with
high frequency in human tumor cells (10, 12, 29, 31, 61, 66, 77;
reviewed in reference 28), suggesting a role for aberrant Stat3
signaling in malignant progression. Recent studies have dem-
onstrated an obligatory requirement for Stat3 signaling in
transformation by the Src oncoprotein (6, 63). The mecha-
nisms of subversion of the normal, highly regulated STAT
signaling by Src and other oncoproteins are still not fully de-
fined. Understanding how oncoproteins alter STAT signaling
should provide further insights into the role of abnormal STAT
activation in oncogenesis and may suggest a mechanistic basis
for circumventing the oncogenic process. The uniqueness of
Stat3 as the sole STAT family member constitutively active in
Src-transformed fibroblasts makes this system an excellent
model for investigating the regulation of Stat3 signaling in
oncogenesis.

Based on this model system, we investigated the signaling
pathways involved in aberrant activation of Stat3 in cells ex-
pressing the Src oncoprotein. We demonstrate that induction
of Stat3-mediated gene regulation by v-Src is strictly Ras de-
pendent in NIH 3T3 cells, since Stat3 function is completely
abrogated by the expression of dominant negative Ras. This
Ras dependency is reflected in the inhibition of Stat3 transcrip-
tional activity by dominant negative MKK1 or by the MKK1/2
inhibitor PD98059. Similarly, transcriptional regulation by
Stat3 is inhibited by dominant negative forms of Rac1, DLK,
and MKK4, as well as by the p38 inhibitor SB202190. Consti-
tutive activation of p38 and JNK, together with constitutive
Stat3 serine phosphorylation, is observed in Src-transformed
cells. Moreover, inhibition of both p38 and JNK is associated
with suppression of Stat3 serine phosphorylation and tran-
scriptional activity. Both JNK and p38 phosphorylate Stat3 on
serine in vitro. Furthermore, inhibition of p38 activity blocks
growth in soft agar of v-Src-transformed cells, consistent with
a requirement for p38-mediated Stat3 serine phosphorylation
in Src transformation. Thus, we define a network of multiple
tyrosine and serine kinase pathways that converge on Stat3
signaling in fibroblasts expressing oncogenic Src and are re-
quired for Stat3-mediated gene induction.

MATERIALS AND METHODS

Plasmids. The Stat3 reporter pLucTKS3, myc-p38mapk, myc-p46sapk, dominant
negative DLK (K185A), dominant negative MKK4 (dnMKK4), N17-Ras, and
NT-Raf have all been previously described (23, 52, 63). The pLucTKS3 reporter
harbors seven copies of a sequence corresponding to the Stat3-specific binding
site in the C-reactive protein gene promoter (63). The v-Src expression vector
pMvSrc has been described previously (40). Dominant negative forms of ERK2,
and MKK1 (34, 69) were generous gifts from M. Weber (University of Virginia)
and N. Ahn (University of Colorado), respectively. The Rac1-I115 (activated)
and Rac1-17N (dominant negative) vectors were generated by inserting Rac1
cDNA fragments from pZipNeo (41) into pcDNA3 (Invitrogen) at a BamHI site.

Cell culture and transfections. NIH 3T3, NIH 3T3/v-Src, and NIH 3T3/v-Ras
fibroblasts were grown in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 5% iron-supplemented bovine calf serum. Transient transfections were
carried out by the standard calcium phosphate method as previously described
(63). NIH 3T3 fibroblasts were seeded at 5 3 105 cells/100-mm plate in DMEM
plus 5% bovine calf serum at 18 to 24 h prior to transfection. The total amount
of DNA used for transfections was typically 20 mg per plate, including 4 mg of
luciferase reporter construct (pLucTKS3), 0.2 mg of b-galactosidase (b-Gal)
internal control vector, and the amounts of expression vector indicated in the
figure legends. Transfection was terminated 15 h later by aspirating the medium,
washing the cells with phosphate-buffered saline (PBS), and adding fresh
DMEM. For generation of NIH 3T3/v-Src/TKS3 cell lines stably expressing the
Stat3 reporter, NIH 3T3/v-Src cells were transfected with Fugene 6 (Boehringer
Mannheim) as specified by the supplier. The transfection mixture contained 5.5
mg of total DNA per 10-cm plate, including 5 mg of the Stat3 reporter pLucTKS3
and 0.5 mg of pcDNA3 that carries the neomycin resistance gene. Individual

G418-resistant clones were picked and characterized with regard to Stat3-de-
pendent luciferase activities.

Preparation of cytosolic and nuclear extracts. In the case of stable NIH
3T3/v-Src/TKS3 clones, cells were treated with inhibitors or dimethyl sulfoxide
for 6 h before preparation of cytosolic extracts. For transient-expression assays,
cytosolic extracts were prepared from cells at 48 h posttransfection as previously
described (63). Briefly, after two washes with PBS and equilibration for 5 min
with 0.5 ml of PBS–0.5 mM EDTA, the cells were scraped off of the dishes and
the cell pellet was obtained by centrifugation (4,500 3 g for 2 min at 4°C). The
cells were resuspended in 0.4 ml of low-salt HEPES buffer (10 mM HEPES [pH
7.8], 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol) for 15 min, lysed by the addition of 20 ml of 10%
Nonidet P-40 (NP-40), and centrifuged (10,000 3 g for 30 s at 4°C) to obtain the
cytosolic supernatant, which was used for luciferase assays (Promega) with a
luminometer and for detection of b-Gal activity by colorimetric assay at an
absorbance at 570 nm. As an internal control for transient-transfection efficiency,
the results were normalized to b-Gal activity. For electrophoretic mobility shift
assay (EMSA), nuclear extracts were prepared from transiently transfected NIH
3T3 cells and volumes containing equal amounts of total protein were incubated
with 32P-labeled M67SIE oligonucleotide probe (64), as previously reported (29,
76). Supershift assays were performed with rabbit polyclonal antibodies specific
for C-terminal amino acid residues of Stat3 (750 to 769) or Stat1 (688 to 710)
proteins (Santa Cruz Biotechnology).

Soft-agar colony formation assay. Colony formation assays were carried out
with six-well dishes. Each well contained 1.5 ml of 1% agarose in DMEM as the
bottom layer. The top layer consisted of 1.5 ml of 0.5% agarose in DMEM
containing 4,000 or 6,000 NIH 3T3/v-Src or NIH 3T3/v-Ras fibroblasts, respec-
tively. Treatment with inhibitors was initiated 1 day after seeding cells by adding
75 to 100 ml of medium with or without inhibitors and repeated once a week until
large colonies were evident. For quantitation, the colonies were stained by
adding 20 ml of 1-mg/ml iodonitrotetrazolium violet to each well and incubating
at 37°C overnight; stained colonies were counted the next day.

Western blot analysis. Whole-cell lysates were prepared in boiling sodium
dodecyl sulfate (SDS) sample-loading buffer to extract total proteins from the
cytoplasm and nucleus as well as preserve the in vivo phosphorylation states.
Equivalent amounts of total cellular protein were electrophoresed on an SDS–
10% polyacrylamide gel and transferred to nitrocellulose membranes. Probing of
nitrocellulose membranes with primary antibodies and detection of horseradish
peroxidase-conjugated secondary antibodies by enhanced chemiluminescence
(Amersham) were performed as previously described (29, 63, 76). The probes
used were rabbit polyclonal antibodies against N-terminal amino acid residues
(626 to 640) of Stat3 (Santa Cruz Biotechnology), phosphoserine-727 of Stat3
(25), active (phosphorylated) JNK, p38mapk, or ERKs (New England Biolabs), or
total JNK, p38mapk or ERKs (Santa Cruz Biotechnology).

Purification and phosphorylation of Stat3 and recombinant Stat3 proteins.
Stat3 and Stat3b were purified from baculovirus-infected Sf-9 insect cells with
biotinylated M67SIE oligonucleotides. Briefly, Sf-9 cells were infected with bacu-
loviruses encoding Stat3 or Stat3b. At 48 h postinfection, the cells were lysed
with NP-40 lysis buffer (50 mM HEPES [pH 7.9], 150 mM NaCl, 1% NP-40, 20
mM NaF, 1 mM Na3VO4, 1 mM Na4P2O4, 1 mM dithiothreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, 2 mM EDTA, 0.1 mM aprotinin, 1 mM leupeptin, 1 mM
antipain) and centrifuged (13,000 3 g for 15 s at 4°C). The supernatant cell
lysates were supplemented with glycerol (to 10%) and 10 mg of poly(dI-dC)-
poly(dI-dC) in a final volume of 1 ml and incubated at 4°C for 30 min. Then 2 mg
of 59-biotinylated DNA fragment, containing two copies of the M67SIE sequence
(59-AGCTTCATTTCCCGTAAATCCCTA) (64), was added, and the mixture
was further incubated at 4°C for 2 h with slow rotation. Subsequently, 100 ml of
avidin-agarose beads (50% slurry) was added to the mixture and incubated for 30
min. The beads were then collected by centrifugation and washed four times with
NP-40 lysis buffer and three times with kinase buffer (25 mM HEPES [pH 7.5],
10 mM magnesium acetate). After a final centrifugation (3,000 3 g for 2 min),
the pellets of Stat3 and Stat3b-bound Sepharose beads were incubated for 5 min
at room temperature in 35 ml of kinase buffer containing approximately similar
activities of purified p38 (AG Scientific), JNK (BIOMOL), or ERK (BIOMOL)
protein kinases. Subsequently, 5 ml of [g-32P]ATP solution (50 mM ATP; 0.5 mCi/
ml) was added, and the mixture was further incubated at 30°C. After 30 min,
SDS-polyacrylamide gel electrophoresis loading buffer was added and the sam-
ples were electrophoresed on an SDS–8% polyacrylamide gel and exposed for
autoradiography.

RESULTS

Ras-mediated signaling is required for Stat3 transcriptional
activity. We previously reported that Stat3 is constitutively
activated in NIH 3T3 fibroblasts stably transformed by v-Src
(76), and we demonstrated its transcriptional potential and its
requirement in Src transformation (63). In the present study,
we investigated the signaling pathways leading to the induction
of Stat3 transcriptional activity by using a Stat3-specific lucif-
erase reporter (pLucTKS3) harboring the Stat3-binding site
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from the C-reactive protein gene promoter (63). The induction
by v-Src of Stat3-specific luciferase reporter was completely
abrogated by coexpression of the dominant negative Ras mu-
tant (N17-Ras) or an N-terminal fragment of Raf-1 (NT-Raf)
designed to sequester Ras (11, 52) (Fig. 1A). These findings
suggest an obligatory requirement of Ras-mediated signaling
for Stat3 transcriptional activity in NIH 3T3 fibroblasts ex-
pressing v-Src.

We then tested whether the MKK-ERK pathway down-
stream from Ras is associated with induction of Stat3 tran-
scriptional activity by Src. Results of luciferase reporter assays
with the pharmacologic MKK1/2-selective inhibitor PD98059
(21) or the dominant negative MKK1 (dnMKK1) show that
inhibition of MKK1/2 activity significantly suppresses tran-
scriptional regulation by Stat3 (Fig. 1B and C). However, ex-
pression of a dominant negative form of ERK2, TAYF (19,
34), had no inhibitory effect on Stat3 transcriptional activity
(Fig. 1C), suggesting that ERK2 activity is not required for
Stat3-mediated gene regulation induced by v-Src. We con-
firmed the ERK2 dominant negative activity of TAYF by in-
hibition of another luciferase reporter, pLucSRE, which is not
dependent on Stat3 (63) but, rather, is dependent on the ac-
tivation of the c-fos serum response element by ERKs (36, 73).
Because both dnMKK1 and PD98059 block MKK signaling
directly, these findings support a role for MKK-mediated sig-
naling in Stat3 transcriptional activity (11). We cannot defini-
tively exclude a possible role for ERKs, since ERKs associate
with Stat3 in vivo and in vitro (39) and phosphorylate Stat3
protein in vitro (see below) (14). Together, our results indicate
that a Ras-MKK-mediated signaling pathway interacts with
Stat3 signaling. The lack of a complete block of Stat3 activity
following inhibition of MKK1 or MKK2 (Fig. 1B and C) sug-
gests that other signaling pathways contribute to Stat3 tran-
scriptional activity.

Stat3 transcriptional activity depends on Rac1-mediated
signaling. Because the Rac1 subfamily of small G proteins
plays a key role in signaling downstream from Ras (24, 43, 59),
we investigated the contribution of Rac1-induced signals to
Stat3 transcriptional activity. In luciferase reporter assays, the
coexpression of dominant negative Rac1 (N17 Rac1) or acti-
vated Rac1 (I115 Rac1) mutants significantly inhibited or en-
hances Stat3 transcriptional activity, respectively (Fig. 2A),
suggesting that Rac1 lies in the pathway leading from v-Src to
Stat3 activation. To further explore the contribution of Rac1-
mediated signals to Stat3 signaling, we examined the role of
DLK, a member of the MLK family that participates in acti-
vation of the stress pathway by v-Src (23, 47). Dominant neg-
ative DLK (K185A) significantly inhibited the induction of
Stat3-specific luciferase reporter activity (Fig. 2B). DLK inter-
acts with complexes containing other MLK members (70), and
dominant-negative DLK appears to interfere with the function
of other members of the MLK family (38a). Therefore, these
findings implicate the entire MLK family but do not define
which member is required in Stat3 signaling induced by v-Src.
Interestingly, the coexpression of JNK1 (myc-p46sapk) or p38
(myc-p38mapk) proteins reversed this inhibitory effect in a con-
centration-dependent manner (Fig. 2B and C). We infer that
the kinase activities of the overexpressed JNK1 or p38 proteins
can sustain a level of serine phosphorylation sufficient for maxi-
mal Stat3 transcriptional activity even at marginal MLK activity.
Together, these findings indicate that Rac1-mediated p38 and
JNK activities contribute to Stat3 signaling induced by v-Src.

That p38 is central to Stat3 signaling is further corroborated
by studies showing significant inhibition of Stat3-specific lucif-
erase reporter induction in cells transiently expressing the
Stat3-specific reporter and treated with SB202190, a pharma-

FIG. 1. Ras-MKK1/2-dependent signaling is required for Stat3-mediated
gene regulation induced by v-Src. NIH 3T3 cells were transiently transfected with
indicated plasmids. Luciferase activities were measured in cytosolic extracts
prepared 48 h posttransfection and normalized to b-Gal activity. (A) NIH 3T3
cells were transfected with pLucTKS3 reporter alone or with reporter and v-Src
expression vector, pMvSrc, with or without vectors encoding N17-Ras or NT-Raf
as indicated. The N17-Ras and NT-Raf proteins inhibit Ras in a dominant
negative manner. (B) Cells were transfected with reporter alone or with reporter
and pMvSrc and treated with the MKK1/2 inhibitor PD98059 for 6 h or left
untreated. (C) Cells were transfected with reporter alone or with reporter and
pMvSrc, with or without vectors encoding the dominant negative ERK2 mutant,
TAYF, or the MKK1 dominant negative mutant, dnMKK1. Values shown in
each panel are means and standard deviations of at least four independent
transfections, each performed in triplicate.
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cologic inhibitor selective for p38 (65) (Fig. 2D). Because
phosphatidylinositol 3-kinase (PI 3-kinase) involved in Ras-
mediated signaling has previously been shown to be activated
in Src-transformed cells (27), we investigated any contribution
it might make to Stat3 signaling by using wortmannin, a PI
3-kinase inhibitor (74). The results showed no inhibition of
Stat3-specific luciferase reporter induction in fibroblasts tran-
siently expressing v-Src and treated with this inhibitor (Fig.
2D), thus excluding a role for PI 3-kinase in transcriptional
regulation by Stat3. Our results support the model that induc-
tion of Stat3 transcriptional activity by v-Src requires Rac1-
mediated p38 and JNK signals.

Evidence of distinct JNK and p38 pathways involved in
Stat3 transcriptional activity. Reports in the literature delin-
eate two distinct pathways leading to the activation of JNK and
p38 (see reference 24 for a review). While both pathways
utilize a common signal from Rac1, they emerge as separate
signals at the level of MKKs. For example, MKK4 and MKK7
largely activate JNK, while MKK3 and MKK6 preferentially
activate p38. To test whether this divergence in signaling is
relevant to Stat3 function, we first examined the effect of
dnMKK4 on transcriptional activation by Stat3. Expression of
dnMKK4 significantly blocked Stat3-specific luciferase report-
er induction (Fig. 3A), suggesting a requirement for MKK4 in
the signaling leading to Stat3 transcriptional activity. The di-
vergence in JNK and p38 signals was evident when only the
coexpression of JNK1 (myc-p46sapk), but not p38 (myc-p38mapk),

abrogated the inhibitory effect of dnMKK4 and restored Stat3
transcriptional activity (Fig. 3). These results establish that
transcriptional activation by Stat3 utilizes the MKK4-JNK
pathway and confirm that distinct MKKs mediate the pathways
leading to p38 and JNK activation. We infer from these results
that Stat3-mediated gene regulation induced by v-Src requires
Ras-Rac1-mediated activation of the stress pathway in a man-
ner analogous to normal extracellular stimulus-induced activa-
tion of this pathway.

JNK and p38 kinases mediate the key role of Ras in Stat3
transcriptional activity. Because inhibition of Ras function
(Fig. 1A) is expected to block the activities of downstream
MAPKs, we tested whether the abrogation of Stat3 transcrip-
tional activity following dominant negative inhibition of Ras is
due to lack of sufficient functional MAPKs. If this is the case,
overexpression of the MAPKs would be expected to restore
kinase activities and hence Stat3 function. In confirmation of
this prediction, coexpression of all three MAPK family pro-
teins brought about recovery of Stat3 transcriptional activity
that would otherwise have been blocked by dominant negative
inhibition of Ras (Fig. 4). Interestingly, differences emerged in
the pattern and extent of restoration of Stat3 transcriptional
activity. Similar to p38 or JNK1, the expression of low levels of
ERK2 resulted in partial recovery of Stat3 transcriptional ac-
tivity (Fig. 4). However, as the level of ERK2 expression in-
creases, Stat3 transcriptional activity declines.

While there is not yet an explanation for this phenomenon,

FIG. 2. Stat3-mediated gene regulation induced by v-Src requires Rac1- and MLK-dependent p38 and JNK signals. NIH 3T3 cells were transiently transfected with
the indicated plasmids, and luciferase activities were assayed as described for Fig. 1. (A) Cells were transfected with the Stat3 reporter pLucTKS3 alone, reporter plus
v-Src, or reporter plus v-Src plus dominant negative Rac1 (N17 Rac1), or activated Rac1 (I115 Rac1). (B) Cells were transfected with reporter alone, reporter plus v-Src,
or reporter plus v-Src plus dominant negative DLK (K185A) or p46sapk or both. (C) Cells were transfected with reporter alone, reporter plus v-Src, or reporter plus
v-Src plus K185A or p38mapk or both. (D) Cells were transfected with reporter alone or reporter plus v-Src and treated or not treated with the p38mapk inhibitor
SB202190 or the PI 3-kinase inhibitor wortmannin. Values are means and standard deviations of at least three independent experiments.
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it is consistent with previous reports that ERK kinase activity
can down-regulate Stat3 function via a number of mechanisms.
These include inhibition of upstream kinases, such as JAK
family members (56), dephosphorylation of phosphotyrosine in
Stat3 (14), and formation of an ERK-Stat3 complex (39).
While we do not exclude any of these events in our system, it
is also relevant that constitutive activation of ERKs is not
detected in many fibroblast cell lines stably transformed by
v-Src (32, 58) (see Fig. 6). As compelling evidence that p38
and, to a lesser extent, JNK mediate the role of Ras in Stat3
transcriptional activity, coexpression of either of these MAPKs
caused a complete or partial rescue of Stat3 function from
inhibition by dominant negative Ras (Fig. 4). The extent of this
restoration was dependent on the level of p38 or JNK expres-
sion. We deduce that the overexpressed p38 or JNK proteins
compensate for the loss of kinase activities. Together, our
findings provide strong evidence of cooperation of Ras-medi-
ated p38 and JNK pathways with v-Src for the induction of
Stat3 transcriptional activity.

Serine phosphorylation and DNA-binding activity of Stat3
in fibroblasts expressing v-Src. In the context of transforma-
tion by v-Src, our results suggest a cross-communication of
signals involving the p38 and JNK serine/threonine kinases and
Stat3. The prediction is that in addition to tyrosine phosphor-
ylation, Stat3 undergoes constitutive serine phosphorylation in
Src-transformed cells for induction of transcriptionally func-
tional Stat3. To test this assumption, we first assayed for Stat3
serine phosphorylation levels by Western blot analysis with
phosphoserine-727-specific anti-Stat3 antibodies (25, 30). Strik-
ingly, our results showed that Stat3 was constitutively phos-
phorylated on serine 727 in Src-transformed fibroblasts com-
pared to their normal counterparts (Fig. 5A, lanes 1 and 2). To
determine if MAPK members are required for this event, we
treated Src-transformed fibroblasts with PD98059 or SB202190
and prepared cell lysates for phosphoserine-Stat3 Western blot
analysis. Treatment with either PD98059 or SB202190 blocked
serine phosphorylation of Stat3 (lanes 2 to 4). These results
establish that Stat3 serine phosphorylation is constitutive in
NIH 3T3 fibroblasts stably transformed by Src and provide
evidence that MAPK family members are major mediators of
this effect.

We next explored whether PD98059 and SB202190 have an
influence on the Stat3 DNA-binding activity induced by v-Src.
Nuclear extracts were prepared from fibroblasts expressing
v-Src that have been treated with inhibitors or left untreated.
STAT DNA-binding activities in extracts containing equal
amounts of total proteins were analyzed by EMSA with an
oligonucleotide probe corresponding to the M67 variant of the
c-fos gene sis-inducible element (SIE), which binds both acti-
vated Stat1 and Stat3 (64). As previously reported (29, 63, 76),
expression of v-Src induced Stat3 tyrosine phosphorylation and

FIG. 3. v-Src-induced Stat3-mediated gene regulation requires MKK4-de-
pendent JNK signaling. NIH 3T3 cells were transiently transfected with the
indicated plasmid vectors, and luciferase activities were assayed as described for
Fig. 1. (A) Cells were transfected with pLucTKS3 reporter alone, reporter plus
v-Src, or reporter plus v-Src plus dnMKK4 or myc-p46sapk or both. (B) Cells were
transfected with reporter alone, reporter plus v-Src, or reporter plus v-Src plus
dnMKK4 or myc-p38mapk or both. Values are means and standard deviations of
at least three independent transfections.

FIG. 4. Stat3-mediated gene regulation induced by v-Src requires Ras-de-
pendent p38mapk and JNK activities. NIH 3T3 cells were transiently transfected
with pLucTKS3 reporter alone, reporter plus v-Src, or reporter plus v-Src plus
N17-Ras with or without vectors encoding ERK2, myc-p38mapk or myc-p46sapk.
Luciferase activities were assayed as described for Fig. 1. Values are means and
standard deviations of three independent experiments.
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DNA-binding activity (Fig. 5B, lanes 1 and 2). Moreover, treat-
ment of v-Src-expressing cells with PD98059 or SB202190 had
no effect on Stat3 DNA-binding activity induced by v-Src
(lanes 2 to 4). For controls, the binding of Stat3 to M67SIE was
competitively inhibited by a molar excess of cold, unlabelled
M67SIE but not by the unrelated c-fos intragenic regulatory
element (FIRE) oligonucleotide, showing the specificity of
DNA binding. Furthermore, Stat3 binding was blocked and
supershifted by anti-Stat3 antibodies but not by anti-Stat1 an-
tibodies, demonstrating that the DNA-binding complex in this
case contained Stat3. We conclude from these results that
inhibition of Stat3 serine phosphorylation has no effect on the
constitutive Stat3 DNA-binding activity in cells expressing v-
Src, consistent with earlier findings that Stat3 DNA-binding
activity is independent of serine phosphorylation (67). Taken
together, our findings demonstrate that constitutive Stat3
serine phosphorylation in Src-transformed cells is dependent
on signaling through MAPK family members.

p38 and JNK are activated in Src-transformed fibroblasts.
Because the results presented above suggest that p38 and JNK
are key components of the signaling leading to Stat3 transcrip-
tional activity induced by v-Src, we determined whether these
kinases are constitutively activated in cell lines stably trans-
formed by Src. The activity levels of p38, JNK, and ERKs were
assayed by Western blot analysis with antibodies specific to the
phosphorylated, activated forms. Significantly, we observed
that both p38 and JNK1/2 were highly activated in v-Src-trans-
formed compared to normal NIH 3T3 fibroblasts (Fig. 6A and
B, lanes 2 and 3). In contrast, no substantial induction of
ERK1/2 was observed in Src-transformed over normal NIH
3T3 cells, consistent with previous reports (32, 58) (Fig. 6C,
lanes 2 and 3).

We next investigated the effects of PD98059 and SB202190
on the activation of these MAPKs. As expected, treatment of
Src-transformed fibroblasts with PD98059 caused a complete
block of basal ERKs activity (Fig. 6C, lanes 3 and 4). Surpris-
ingly, however, treatment with the same MKK1/2 inhibitor
caused complete or partial suppression of JNK1/2 and p38
induction, respectively (Fig. 6A and B, lanes 3 and 4). These
results suggest either that the MKK1/2 inhibitor has a nonspe-
cific effect on other MKKs upstream of JNK and p38 or that
MKK1/2 are involved in JNK and p38 activation, as previously
reported (50). Combined with the results in Fig. 1B, these
findings indicate that the suppression of Stat3 transcriptional
activity by PD98059 is the sum of the effects of this inhibitor on
MKK1/2, JNK, and p38 activities. While the block by PD98059
of basal ERK1/2 and induced JNK1/2 activities is complete,
there is only a partial inhibition of Stat3-mediated gene regu-
lation (compare Fig. 1B with Fig. 6B and C, lanes 3 and 4). We
speculate that the limited effect of PD98059 on Stat3 function
is at least in part due to its incomplete inhibition of p38
activity, thus pointing to this MAPK member as the major
serine/threonine kinase required for Stat3 signaling. Be-
cause SB202190 directly blocks p38 kinase activity, treatment
of Src-transformed cells with this inhibitor did not significantly
alter the phosphorylation of MAPK members, including p38
(Fig. 6A to C, lanes 3 and 5). The apparent high induction of
p38 phosphorylation when SB202190 was present may be due
to a positive feedback response by MKK3 or MKK6 to the
diminished p38 kinase activity. Although the activation of
overexpressed exogenous JNK by v-Src has been previously
reported (23, 47), this is the first evidence of constitutive ac-
tivation of both endogenous p38 and JNK in stable Src-trans-
formed fibroblasts and supports the model that the activated
stress pathway cooperates with Stat3 signaling induced by Src.
Altogether, our findings provide evidence of cross talk between
Ras-Rac1-mediated activities of p38/JNK and Stat3 signaling
in Src-transformed cells.

Because our results implicate p38 and, to a lesser extent,
JNK1/2 as the key serine/threonine kinases involved in Stat3
signaling in Src-transformed cells, we tested whether Stat3 can
be a direct substrate for these MAPKs in vitro. The results
shown in Fig. 6D indicate that p38 and JNK can effectively
phosphorylate Stat3 in vitro, partly consistent with a previous
report (14). The notable difference between our study and this
previous report was our use of full-length Stat3 as the substrate
and purified proteins of the MAPK family. Stat3 phosphory-
lation by ERK, however, was minimal compared to the levels
achieved for JNK and p38. For a control, we used a splice
variant of full-length Stat3 with a C-terminal deletion, Stat3b,
which lacks serine 727 and therefore cannot transactivate in
many cell types (8, 63). The Stat3 and Stat3b proteins used as
substrates in this assay maintained correct protein folding as
they were purified by virtue of their DNA-binding activity to a

FIG. 5. Analyses of constitutive Stat3 serine phosphorylation and SIE-bind-
ing activity induced by v-Src. (A) Western blot analysis of whole-cell lysates
prepared from normal NIH 3T3 fibroblasts and Src-transformed counterparts
treated with PD98059 or SB202190 for 6 h or left untreated (lanes 2 to 4).
Samples were probed with antibodies specific to phosphoserine-727 (bottom) or
the N-terminal portion (top) of Stat3. (B) Nuclear extracts were prepared from
NIH 3T3 cells transfected with v-Src. Equal amounts of total protein were
incubated with 32P-labeled M67SIE and subjected to EMSA. Cells were trans-
fected with empty vector alone (NIH 3T3) or v-Src vector and treated with
PD98059 or SB202190 for 6 h or left untreated (lanes 2 to 5). Competitions of
radiolabeled M67SIE-binding activity present in nuclear extracts of NIH 3T3
cells transfected with v-Src alone (lanes 6 and 7) were performed with a 100-fold
molar excess of unlabeled M67SIE or the unrelated FIRE oligonucleotides.
Supershifts (lanes 8 and 9) were performed with antibodies specifically recog-
nizing either Stat1 or Stat3 (a-Stat1, a-Stat3). The asterisk indicates positions of
supershifted complexes.
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Stat3-specific site. The results showed that Stat3b did not un-
dergo serine phosphorylation by any of the MAPKs (Fig. 6D),
consistent with serine 727 being the site of phosphorylation
(14, 67). These results suggest that all three MAPKs are capa-
ble of using Stat3 as substrate in vivo, although the actual
contributions of the individual MAPK family members in vivo
would be expected to depend on the extent of their activation
by v-Src.

Inhibition of p38 activity blocks constitutive Stat3 signaling
and Src transformation. The above results of transient-trans-
fection assays with reporter constructs suggest that MKK-me-
diated p38 and, to a lesser extent, JNK activities are required
for constitutive Stat3 signaling in Src-transformed cells. To
confirm this conclusion, we tested the effects of inhibition of
MKKs or p38 on the induction of the Stat3-dependent lucif-
erase reporter, pLucTKS3, in v-Src-transformed fibroblasts
that stably express this reporter. Because Stat3 is constitutively
activated in Src-transformed cells (76), NIH 3T3/v-Src/TKS3
cells stably expressing the Stat3 reporter exhibit very high lu-
ciferase activity, reflecting constitutive Stat3-dependent induc-
tion of this reporter. As seen in transient transfections, treat-
ment of NIH 3T3/v-Src/TKS3 cells with PD98059 or SB202190
partially or completely suppressed constitutive induction of the
Stat3-dependent luciferase reporter, respectively (Fig. 7A),
consistent with an obligatory requirement for p38 in constitu-
tive Stat3 signaling in Src-transformed cells. The present stud-
ies, combined with previous reports (6, 63), raise the possibility
that p38-mediated Stat3 serine phosphorylation is required for
v-Src transformation. We tested this hypothesis by investigat-
ing the effects of inhibition of p38 on anchorage-independent
growth of Src-transformed fibroblasts in soft-agar suspension.
Treatment of cells in agar with SB202190 completely blocked
colony formation of Src-transformed cells (Fig. 7B). In con-
trast, treatment with the same inhibitor had no significant
effects on colony formation by Ras-transformed fibroblasts,
which do not require Stat3 activation (Fig. 7C) (6, 29, 63).
Thus, the inhibition by SB202190 of Src transformation is not
the outcome of gross cytotoxicity. These studies suggest that
p38 activity and Stat3 serine phosphorylation are required for
transformation by Src but not by Ras. We also tested the effect
of inhibition of MKK1/2 by PD98059 on anchorage-indepen-
dent growth of fibroblasts transformed by v-Src or v-Ras. The
results showed a lack of significant effect of this inhibitor on
transformation by either oncoprotein (Fig. 7B and C), suggest-
ing that inhibition of MKK1/2 is not sufficient to block Src or
Ras transformation. Together, these results demonstrate that
p38 activity is required for Stat3-mediated gene regulation and
v-Src transformation.

DISCUSSION

Recent studies have established that constitutive activation
of Stat3 signaling participates in cell transformation by the
oncogenic Src tyrosine kinase (6, 63). Here we demonstrate
that, in parallel to the constitutive DNA-binding activity and
tyrosine phosphorylation of Stat3, the Src oncoprotein recruits
additional signaling pathways crucial for Stat3 function (Fig.
8). Upstream of these signals is Ras, which functions to coor-
dinately integrate serine/threonine kinase activities necessary
for efficient Stat3 transcriptional activity. As one of the Ras-
mediated pathways, MKK-ERK signaling interacts with that of
Stat3 (14, 19, 39, 51, 56). The interaction between ERKs and
Stat3 signaling, however, is complicated by results which indi-
cate that ERKs can down-regulate (14, 39, 56) as well as
enhance (19, 51) Stat3 tyrosine phosphorylation and transcrip-
tional activity. This disparity may be explained by our finding
that low levels of ERK2 induce while higher levels inhibit
Stat3-mediated gene regulation (Fig. 4). At the same time, the
evidence indicates a role for MKK1/2-mediated, ERK-inde-
pendent signals in Stat3 transcriptional activity (11), consistent
with transformation of NIH 3T3 fibroblasts by activated MKK1
mutants independently of ERKs (2) and raising the possibility
that MKK1/2 recruits p38 and JNK serine/threonine kinases
(50) for Stat3 signaling induced by v-Src.

FIG. 6. p38 and JNK are constitutively induced in Src-transformed cells and
phosphorylate Stat3 in vitro. (A) Western blot analysis of whole-cell lysates
prepared from normal NIH 3T3 fibroblasts (lane 2) or Src-transformed coun-
terparts treated with or without PD98059 or SB202190 (lanes 3 to 5). Samples
were probed with antibody specific to phospho-p38 (top) or total p38 (bottom).
(B) The whole-cell extracts described in panel A were analyzed by Western
blotting. Samples were probed with antibody specific to phospho-JNK1/2 (top) or
total JNK1/2 (bottom). (C) The whole-cell extracts described in panel A were
analyzed by Western blotting. Samples were probed with antibody specific to
phospho-ERK1/2 (top) or total ERK1/2 (bottom). (D) In vitro serine phosphor-
ylation of Stat3 by JNK, p38, and ERKs. Purified baculovirus-expressed Stat3
(lanes 1 to 4) and Stat3b (lanes 5 to 8) were incubated with [g-32P]ATP together
with or without purified JNK, p38, or ERKs for 30 min and subjected to SDS-
polyacrylamide gel electrophoresis and autoradiography. For positive identifica-
tion, cell lysates from anisomycin-treated C6 glioma cells with highly induced
ERKs, p38, and JNK, served as standards (lane 1).
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Positioned downstream from Ras, the Rac1 family of small
G proteins is key to signals that induce p38 and JNK serine/
threonine kinases (37, 71). We confirm that Rac1 signaling is
recruited by v-Src (23, 47) and extend these studies to demon-
strate that Stat3 signaling induced by v-Src requires compo-
nents of Rac1 signaling, including MLK family members and
MKK4. The rescue of Stat3 function by p38 and JNK proteins
from inhibition induced by dominant negative Ras provides
compelling evidence that these serine/threonine kinases are
key in Src-induced Stat3 signaling. Thus, the essential role of
Ras in this Stat3 signaling is the recruitment of Rac1-mediated
p38 and JNK activities. It is also highly significant that both p38
and JNK activities are constitutively induced in cells stably
transformed by Src. The aberrant constitutive activation of
these two kinases may be essential to maintain the observed
elevated Stat3 serine phosphorylation and transcriptional ac-
tivity in Src-transformed cells. This is the first demonstration of
constitutive induction of p38, JNK, and Stat3 serine phosphor-
ylation in cells stably transformed by Src and provides evidence
that these events are associated. Whether these events are
unique to Src transformation or are common to cells trans-
formed by other oncogenic tyrosine kinases remains to be
determined. Our results are consistent with the finding that
transformation by the nonreceptor tyrosine kinase, v-Fps/Fes,
requires Ras- and Rac1-mediated activation of MAPK family
members (42). These findings set precedents for investigating
possible augmentation by Ras, Rac1, p38, and JNK pathways
of aberrant STAT signaling in human malignancies that harbor
constitutively activated STAT proteins (reviewed in reference
28).

We do not exclude the possibility that other serine/threonine
kinases contribute to Stat3 transcriptional activity in Src-trans-
formed fibroblasts. Notably, studies show that v-Src activates
various isoforms of protein kinase C (53), suggesting that the
latter may play a role in Src transformation. Others have also
noted a role for H7-sensitive serine kinases in Stat3 transcrip-
tional activity (5). On the other hand, our observations suggest
that the PI 3-kinase pathway is unlikely to contribute to Stat3
signaling, although it has previously been shown to be activated
in Src-transformed cells (27). Furthermore, we do not antici-
pate any role for the serine/threonine kinase AKT2, which is a

FIG. 7. Inhibition of p38 activity blocks cell transformation by v-Src and not
by v-Ras. (A) NIH 3T3/v-Src/TKS3 cells stably transfected with the Stat3-depen-
dent luciferase reporter, pLucTKS3, were treated with the indicated inhibitors
for 6 h prior to cytosolic extract preparation and luciferase assays as described for
Fig. 1. Values are the means and standard deviations of six independent assays.
(B) NIH 3T3/v-Src fibroblasts seeded in soft-agar suspension were treated once
weekly with the indicated inhibitors until large-colony formation was evident.
Values are the means and standard deviations of 12 independent assays. (C) NIH
3T3/v-Ras fibroblasts seeded in soft-agar suspension were treated once weekly
with the indicated inhibitors, and colonies were counted as in panel B. Values are
the means and standard deviations of nine independent assays. DMSO, dimethyl
sulfoxide.

FIG. 8. Model of Stat3 phosphorylation by tyrosine and serine/threonine
kinase signaling pathways in Src oncogenesis. APRE, acute-phase response ele-
ment.
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downstream target of PI 3-kinase that is also activated by v-Src
(20, 44). That PI 3-kinase and AKT2 may not be required for
Stat3 signaling is supported by the report that dominant neg-
ative inhibition of PI 3-kinase inhibits transformation by V12
Ras but not by v-Src (54).

Our findings presented here define signal transduction net-
works from v-Src to Stat3 in NIH 3T3 fibroblasts that integrate
tyrosine and serine/threonine kinase pathways (Fig. 8). This
model predicts a key role for Ras, which regulates the contri-
butions of the MKK1/2 cascade and the Rac1-mediated stress-
activated pathways involving p38 and JNK. While Ras plays an
essential role in transformation of NIH 3T3 cells by v-Src (57),
more recent studies have demonstrated that Ras is not re-
quired for Src transformation of chicken embryo fibroblasts or
Rat-2 fibroblasts (1). Thus, the requirement for Ras-mediated
signaling in Src transformation is cell type specific, raising the
possibility that Ras-independent pathways activate p38 and
JNK signaling leading to Stat3 transcriptional activity in dif-
ferent cell types. On the other hand, NIH 3T3 cells harboring
activated Ras do not exhibit activated Stat3 (29), suggesting
that Ras signaling is necessary but not sufficient for transfor-
mation of these cells by Src. Our results also indicate that
downstream events, such as p38 and JNK signaling, are not
sufficient to induce Stat3 transcriptional activity in the absence
of Src. Nevertheless, activation of the stress signaling pathways
involving p38 and JNK is obligatory for Stat3 function.

Because serine phosphorylation of Stat3 is required for its
maximal transcriptional activity (68) and because Stat3 signal-
ing is obligatory for Src transformation (6, 63), we infer from
the present study that p38- and JNK-mediated Stat3 serine
phosphorylation is necessary for Src oncogenesis. Consistent
with this conclusion, earlier studies have demonstrated that a
Stat3 mutant with a Ser-727-to-Ala mutation blocks Src-medi-
ated transformation in a dominant negative manner (6). Thus,
it is highly significant that inhibition of p38-mediated Stat3
serine phosphorylation blocks transformation by v-Src and not
other oncoproteins like Ras, which do not induce Stat3 signal-
ing. These findings underscore the functional importance of
p38 in mediating Stat3 serine phosphorylation in Src oncogen-
esis. In addition, the pathways delineated here are relevant to
normal Stat3 signaling because recent studies demonstrated
that p38 induces Stat3 serine phosphorylation in T cells in
response to interleukin-12 and interleukin-2 (30). Our findings
provide the first evidence detailing cross talk between the Ras/
Rac1-mediated p38/JNK pathways and Stat3 signaling leading
to serine phosphorylation of Stat3 in the context of oncogen-
esis. While there are likely to be other pathways essential for
Stat3 function and Src transformation, our study demonstrates
a convergence at the level of Stat3 of multiple signaling path-
ways activated by Src. These novel observations provide new
insight into some of the signaling pathways induced by the Src
oncoprotein that potentially play critical roles in cell transfor-
mation and human cancer.
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